Abstract-Silicon carbide Schottky barrier diodes (SiC-SBDs) are prone to electromagnetic oscillations in the output characteristics. The oscillation frequency, peak voltage overshoot, and damping are shown to depend on the ambient temperature and the metal-oxidesemiconductor field-effect transistor (MOSFET) switching rate (dI DS /dt). In this paper, it is shown experimentally and theoretically that dI DS /dt increases with temperature for a given gate resistance during MOSFET turn-on and reduces with increasing temperature during turn-off. As a result, the oscillation frequency and peak voltage overshoot of the SiC-SBD increases with temperature during diode turn-off. This temperature dependence of the diode ringing reduces at higher dI DS /dt and increases at lower dI DS /dt. It is also shown that the rate of change of dI DS /dt with temperature 
I. INTRODUCTION

S
ILICON carbide (SiC) unipolar devices have now become commercially available with voltage ratings of 1.2 kV, and higher voltage ratings are expected in the near future [1] - [4] . These temperature-rugged and power dense devices have repeatedly demonstrated improved energy conversion efficiency and reduced losses when implemented in power converters [5]- [12] . Since these devices are unipolar and are therefore not limited by minority carrier storage from conductivity modulation, they are fast switching and can be thus implemented in high-frequency applications. High switching frequency can enable size reduction of passive components, which is a significant advantage in applications, where space or size is critical to cost. This may include aeronautical and marine applications. However, advances in packaging technologies are not catching up with devices. Parasitic inductances in power modules induce electromagnetic oscillations in output characteristics, which can be detrimental through the additional losses and reduced reliability [13] - [17] . These parasitic inductances depend strongly on the architecture of the power module and its layout. However, as the switching frequency increases, even small parasitic inductances cannot be ignored because of the high dI DS /dt. It is well understood that SiC Schottky diodes are particularly prone to ringing as parasitic capacitances and inductances interact to cause RLC resonance [18] . The dependence of this ringing on the ambient temperature and the rate of change of current with time (dI DS /dt) of the switching metal-oxidesemiconductor field-effect transistor (MOSFET) has not been fully characterized and understood. The deployment of these 1.2-kV SiC power devices in hard-switched high-temperature modules will require more understanding in the dependence of switching energy on temperature and switching rate [19] . A solution to this ringing problem could be the use of softswitching techniques, where zero-current and/or zero-voltage switching can be implemented. However, this will increase the cost and complexity of converters at the power levels targeted by SiC. In this paper, 1.2-kV SiC MOSFETs and SiC Schottky diodes have been tested in a clamped inductive switching test rig. The devices have been tested with a wide range of gate resistances (10-1000 Ω) at ambient temperatures ranging from −75
• C to 200 • C. Using fundamental device equations, the dependence of dI DS /dt on the temperature and gate resistance is derived and shown to accurately replicate the experimental measurements. This temperature dependence is used to explain the performance of the Schottky diode in terms of energy losses. In Section II of this paper, the experimental measurements are presented. In Section III, the MOSFET switching and diode models are presented and compared with the experimental measurements. In Section IV, the switching performance of the SiC-Schottky barrier diode is analyzed, whereas Section V concludes this paper. 
II. CLAMPED INDUCTIVE SWITCHING MEASUREMENTS AND EXPERIMENTAL TEST RIG DESIGN
The clamped inductive switching test rig comprises of the devices under test (1.2-kV/30-A SiC MOSFETs and diodes), a 7.4-mH commutation inductor, gate drive system, and a power supply. A schematic of the test setup is shown in Fig. 1 . Shown in Fig. 2 is a picture of the test rig. The SiC MOSFET has the datasheet reference of SCH2080KE, whereas the SiC Schottky Diode is SDP30S120.
The switching waveforms were captured on a Tektronix TDS5054 digital phosphor oscilloscope, which has a bandwidth of 500 MHz, and the static characteristics were measured on a Tekronix curve tracer. The current is measured using a Tekronix TCP303 current probe connected to the oscilloscope. This circuit emulates one phase leg of a three-phase voltage source converter, in which free-wheeling diodes (FWDs) conduct current in the opposite direction to the MOSFET, i.e., the diodes rectify, whereas the MOSFETs invert. The environmental chamber shown in Fig. 2 
III. MODEL DEVELOPMENT
The dependence of the turn-ON dI DS /dt on temperature can be accounted for using the fundamental device equations. The MOSFET and the diode share the same total inductor current; hence, the turn-on of the MOSFET and the turnoff of the diode occur within the same switching transient. Equation (1a) below is the gate charging transient characteristic during turn-on (Equation (1b) is for turn-off) where V GS is the gate-source voltage, V GG is the gate driver voltage, R G is the gate resistance, t is time, and C iss is the input capacitance
The rate of change of V GS with time (dV GS /dt) is evaluated simply by taking the derivative of (1a) with time for turn-on and (1b) for turn-off, which results in
Equation (3) is the well-known equation for the drain current of a fully inverted long-channel MOSFET in saturation
where V TH is the threshold voltage, W is the width of the device, 0μ is the effective mobility of the carriers, C OX is the effective capacitance density of the gate insulator, and L is the channel length of the device. Taking the derivative of (3) with respect to time and substituting dV GS /dt yields dI DS /dt, as shown below in (4a) for turn-on and (4b) for turn-off
where the threshold voltage (V TH ), and its temperature dependence is given by [24] as
In (5) above, N A is the p-body doping, n i is the intrinsic carrier concentration, C OX is the oxide capacitance density of the gate dielectric, and V FB is the flat-band voltage (due to fixed oxide charge and the metal-semiconductor work-function difference). Equations (4a) and (4b) predict that dI DS /dt will increase with temperature during turn-on and decrease with temperature during turn-off. This is due to the negative temperature coefficient of the MOSFET threshold voltage as a result of thermally induced band-gap narrowing. As a result, V TH will reduce at higher temperature; hence, dI DS /dt will increase during turn-on and decrease during turn-off according to (4) . The experimental measurements of dI DS /dt shown in Fig. 3 for turn-on and Fig. 4 for turn-off agree with the trends predicted by (4a) and (4b). In these figures, the temperature of the thermal chamber that houses the devices is set to 25
• C. Fig. 3 shows measurements and calculations of the turn-on dI DS /dt as a function of R G for the SiC MOSFETs. The calculations are based on values taken from the SCH2080KE datasheet as C iss = 2 nF, the threshold voltage at 25
• C is 5 V, and B ranges from 0.5 to 1. The values of t used in the calculations in (4a) and (4b) correspond to the switching time value at which dI DS /dt is calculated and V GS is calculated from the equation of the plateau voltage (V GP ). The plateau voltage is calculated using the standard equations from [24] , and it is assumed that the current switches between the time taken for V GS to rise from V TH to V GP during turn-on and fall from V GP to V TH during turn-off. The measurements and calculations show good agreement over the wide range of R G , as shown in Fig. 3 . Fig. 4 shows the measurements and calculations of dI DS /dt as a function of R G during turn-off. There is reasonably good agreement between the measured and calculated trends; however, there is some measurement noise, which introduces some error, particularly at faster switching speeds. The rate of change of dI DS /dt with respect to R G can be evaluated by taking the derivative of (4) with respect to R G . This derivative is shown in (6) below for turn-on. In the case of the turn-off, (6) is simply multiplied by −1
The dependence of d 2 I DS /dtdR G on R G can be observed by plotting the latter as a function of the former, which is shown for the measurements and calculations in Fig. 5 for turn-on and Fig. 6 for turn-off. Fig. 5 shows good agreement between the experimental measurements and the calculations for turnon based on (6). Again, in Fig. 6 , there is some disparity at low R G .
The temperature dependence of dI DS /dt can be evaluated by taking the derivative of (4) with respect to temperature, noting that V TH is temperature dependent through the intrinsic carrier concentration, as shown in (5) and B is temperature dependent through the effective mobility. For turn-on, the derivative of (4a) with respect to temperature (T ) is (7) below. For turn-off, (7) can simply be multiplied by −1
In SiC MOSFETs, V TH has a negative temperature coefficient as a result of thermally generated carriers due to band-gap narrowing (dV TH /dT is negative) and B (which depends on the ON-state resistance) is invariant with respect to temperature at low temperatures. This negative temperature coefficient of the threshold voltage can be seen in (5) and is due to the intrinsic carrier concentration (n i ), which increases with temperature due to increased thermal generation of carriers across the band gap. Hence, according to (5), V TH reduces as n i increases. At higher temperatures dB/dT is negative as a result of the temperature dependence of the effective mobility, i.e., phonon scattering induced mobility degradation reduces the effective mobility as the temperature is increased. Hence, (7) can be rewritten for low temperatures as
In the case of turn-off, (8) is multiplied by −1. It can be seen from (8) that dI DS /dt increases with increasing temperature during turn-on since the second-order derivative is positive and dI DS /dt decreases with increasing temperature during turn-off (7) and (8); however, the rate of change of dI DS /dt with temperature is not uniform for all the gate resistors. This trend can be also observed in other published reports on the performance of SiC MOSFETs at different temperatures, where dI DS /dt can be seen to increase with temperature during turn-on [25] , [26] or |dV DS /dt| (meaning the absolute value, i.e., the magnitude of dV DS /dt) is shown in increase with temperature at turn-on [27] . Fig. 9 shows the turn-off |dI DS /dt| (meaning the absolute value, i.e., the magnitude of dI DS /dt) as a function of R G for different temperatures, where it can be seen that dI DS /dt decreases with increasing temperature as predicted by (7) and (8) . Fig. 10 shows the turn-off dI DS /dt as a function of temperature for the different gate resistances. The dependence of d 2 I DS /dtdT on R G can further be considered by looking at how the former changes with respect to the latter. Fig. 11 shows experimental measurements of the turn-on d 2 I DS /dtdT as a function of R G for the different ambient temperatures. It can be shown from the measurements in Fig. 11 shows the calculated d 2 I DS /dtdT dT as a function of R G at the different temperatures using (7) and (8), where the same bellshaped characteristic can be observed at different temperatures. It can be also shown from Fig. 11 that the maximum turn-on d 2 I DS /dtdT decreases as temperature increases. Equations (7) and (8) explain this behavior. It can be seen from (7) and (8) that as R G is reduced,V GG /R G C iss rises and exp(−t/R G C iss ) reduces. Hence, a plot of d 2 I DS /dtdT as a function of R G will show a bell-shaped characteristic as a result of the competing effects.
IV. DIODE SWITCHING ANALYSIS
The response of the diode output voltage characteristics to the MOSFET switching is primarily determined by the transfer function of the diode, the gate resistance of the gate driver, and the junction temperature of the device. The transfer function of the diode can be determined by the equivalent circuit of the diode, which is represented by a series resistance (R S ), diode depletion capacitance (C AK ), diode depletion resistance (R AK ), and the stray packaging inductance (L stray ), as shown in Fig. 13 . The parasitic capacitance arises from the depletion capacitance of the diode, the series resistance arises from the resistance of the drift region, and the stray inductance arises from the packaging.
The diode voltage (V AK ) can then be calculated as the product of the diode transfer function and an input function that represents the switching of the MOSFET. This transfer function can be represented by the equation shown below
where C GD is the Miller capacitance of the MOSFET. As the MOSFET switches on, the majority of the supply voltage (V DD in Fig. 13 ), which initially falls across the MOSFET, now falls across the diode, thereby reverse biasing the diode. Hence, the action of the MOSFET is identical to a step voltage rise across the diode with the rate of change of voltage over time dependent on the MOSFET switching time constant (R G C GD ). The transfer function of the diode is basically that of a secondorder circuit, which can respond as overdamped, underdamped, or critically damped, depending on the attenuation present. The attenuation and damping of the diode response can be derived as the equations below
The dI DS /dt of the MOSFET at turn-on will determine the nature of the diode response since the same current flows through the transistor and the diode. Hence, the diode response will depend on the gate resistance and the temperature. Figs. 14 and 15 show the MOSFET turn-on current transient at different temperatures for R G = 150 Ω in Fig. 14 and R G = 15 Ω in Fig. 15 .
From Figs. 14 and 15, it can be seen that the dI DS /dt is more temperature invariant at R G = 15 Ω than at R G = 150 Ω; i.e., d
2 I DS /dtdT is larger at R G = 150 Ω in agreement with Fig. 11  and (7) . It can be also shown from Fig. 15 that the turn-on dI DS /dt increases with temperature according to the equations previously developed. Additionally, Figs. 16 and 17 show the diode voltage response at the R G = 150 Ω and R G = 15 Ω, respectively. It should be noted that the ringing oscillation frequency of the diode at turn-off depends strongly on the parasitic inductances, which will be unique for a certain power module and experimental rig. However, the equivalent circuit shown in Fig. 13 will be universal for power converters. The most obvious difference between Figs. 16 and 17 is the higher V AK variation with temperature exhibited by the R G = 150 Ω measurements, i.e., the R G = 15 Ω measurements show less dependence of V AK on temperature. Previous publications have shown a temperature invariance of the SiC Schottky diode turnoff characteristics [13] ; however, this was demonstrated at low gate resistance (R G = 2.5 Ω) as is the case in Fig. 17 . At slower switching rates (larger gate resistances), the dependence of dI DS /dt on temperature affects the diode temperature characteristics, as shown in Fig. 16 . In other words, the rate at which the transistor switches will determine the response of the diode to the discharge of the free-wheeling current. If the diode is discharged very rapidly (high dI DS /dt from low R G ), then the diode will ring with less damping (circuit is excited by a larger |dV /dt|, resulting in larger overshoots) and higher overshoots than if the current is discharged more slowly. The temperature dependence of the diode response also increases as the switching rate is reduced. It can be also noticed in Fig. 16 that there is a time shift in the diode response with lowtemperature characteristics exhibiting a time delay compared with high-temperature characteristics. This is due to the negative temperature coefficient of the MOSFETs threshold voltage, which means that switching time is delayed at low temperatures (because of the higher MOSFET V TH ). In addition, it can be seen from these figures that the damping of the oscillations for the 15 Ω measurements is less, peak voltage overshoot is higher, and the temperature dependence is smaller compared with the oscillations at 150 Ω gate resistance. This is a direct result of the measurements shown in Figs. 14 and 15 because the diode responds to the dI DS /dt of the MOSFET. In addition, the dI DS /dt dependence on temperature causes a time shift in the diode response with the hightemperature V AK occurring faster. Figs. 14-17 can be explained by the fact that d 2 I DS /dtdT is higher at intermediate R G values and reduces as R G is reduced. Combining (9) and (4) yields where
In deriving (10), it is assumed that the MOSFET switching time constant R G C GD is substantially larger than t; hence, exp(−t/R G C iss ) is close to 1.
Equation (10) is a very useful equation because it relates the turn-on dI DS /dt of the MOSFET to the diode output voltage. Fig. 18 shows the simulated plot of (10) using dI DS /dt values similar to what was measured (between 10 and 100 A/μs). The diode depletion capacitance and resistance are average values that are obtainable from capacitance-voltage (CV) measurements. Here they are varied within reasonable margins to obtain matching with the waveforms. The effect of R S and R AK is to dampen the oscillations, whereas C AK and L stray affect the oscillation frequency. Fig. 18 is a reasonably accurate simulation of the diode's switching behavior; however, because all of these parasitic components vary during switching and are difficult to measure, an exact replica of the experimental measurements is difficult to achieve. Fig. 18 also shows that increasing turn-on dI DS /dt (which can result from either a lower gate resistance or higher ambient temperatures) causes higher V AK peak overshoots and more diode ringing.
Figs. 19 and 20 show 3-D plots of the measured switching energy at turn-off and on for the SiC Schottky diode at different dI DS /dt and temperatures. The dI DS /dt shown in this figure, is calculated at 25
• C. It can be seen from the figures that the diode turn-off energy is significantly larger than the turn-on energy. It can be also seen from Figs. 19 and 20 that for a given dI DS /dt (or gate resistance), the switching energy reduces with increasing temperature during diode turn-off. This is due to the fact that MOSFET switching rates increases with temperature in the MOSFET, as shown in Fig. 7 , and the response of the diode is modulated by the switching of the MOSFET, as shown in (10) . Figs. 19 and 20 show that the dependence of the switching energy on the gate resistance exhibits a U-shaped characteristic with the lowest switching energies at intermediate R G values. At the lowest R G , the switching energy is dominated by additional losses from diode ringing, whereas at the highest R G , the switching energy is due to the prolonged transient. Hence, although using small gate resistances increases the dI DS /dt, the ringing that results can increase the switching energy.
V. CONCLUSION
The dI DS /dt and temperature dependence of the switching performance of SiC Schottky diodes have been presented over a wide temperature and dI DS /dt range. It is shown that the switching energy as a function of the gate resistance exhibits a U-shaped characteristic with switching energy at low R G dominated by diode ringing losses and at high R G dominated by transient overlap between V AK and I AK . Diode voltage turnoff ringing has been shown to increase with temperature for a fixed gate resistance due to the fact the dI DS /dt increases with temperature during MOSFET turn-on. It was also shown that the rate of increase of the turn-on dI DS /dt with temperature increases with the gate resistance. This resulted in greater diode V AK dependence on temperature for higher gate resistances. Device physics-based models that explain the experimental observations were developed and were shown to account for the measurements. These results are important because they can account for electromagnetic oscillations as a function of temperature and dI DS /dt, which, in turn, is important for determining electromagnetic interference, operating temperature, and device reliability. 
